The formation of high-n Rydberg atoms from the neutral dissociation of superexcited states of I 2 formed by resonant two-photon excitation of molecular iodine using an ArF laser has been investigated. The high-n Rydberg atoms I * are formed by predissociation of the optically excited molecular Rydberg states I 2 * ͓R͑B 2 ⌺ g + ͔͒ converging on the I 2 + ͑B 2 ⌺ g + ͒ state of the ion. Measurement of the kinetic energy release of the Rydberg I * fragments allowed the identification of the asymptotic channels as I * ͓R͑ 3 P J ͔͒ +I͑ 2 P 3/2 ͒, where the I * ͓R͑ 3 P J ͔͒ are Rydberg atoms converging on the I + ͑ 3 P J ͒ states of the ion with J = 2, 1, and 0. In the case of the I * ͓R͑ 3 P 2 ͔͒ fragments, the average Rydberg lifetime is observed to be 325± 25 s. Based on experiments on the variation of the Rydberg atom signal with the field ionizing strength, the distribution of Rydberg levels peaks at about 25-50 cm −1 below the ionization limit.
I. INTRODUCTION
The photoionization quantum yield of a molecule excited above its ionization threshold is less than unity for many molecules. 1 This effect is due to the competition between ionization ͑direct or autoionization͒ and neutral dissociation of superexcited states ͑SESs͒, where a SES is defined as a neutral excited state with internal energy greater than the lowest ionization threshold of the molecule. These states have been the subject of a number of recent reviews in which their mechanisms of formation as well as their spectroscopy and dynamics were discussed. 2, 3 In the case of a diatomic molecule, the above processes can be summarized as follows: where reaction ͑1a͒ illustrates direct ionization, while reactions ͑1b͒ and ͑1c͒ show the autoionization and neutral dissociation of a SES, respectively. It has been generally accepted that the SESs leading to the products in reaction ͑1c͒ are high-n molecular Rydberg states converging on each ion state, although non-Rydberg SESs have also been observed. 3 High-n Rydberg fragments from neutral dissociation of SESs have been directly observed in a small number of experiments; [4] [5] [6] [7] [8] [9] however, the translational energy and angular distributions of these fragments were not measured. Extracting these data yields information on the dissociative ionic potential energy curves ͑PECs͒ as the PECs of the high-n Rydberg molecules are parallel to the ionic PECs to which they converge. Spectroscopic data on dissociative ionic curves are difficult to obtain using other techniques and therefore, this type of experiment could provide the basis for a new type of spectroscopy.
The principal photodissociation mechanism for these high-n molecular Rydberg states proposed by Freund 10 is described by the core-ion model, in which the Rydberg molecule is considered to consist of an ion core and a weakly interacting Rydberg electron. In this model the ion core dissociates, while the Rydberg electron acts as a spectator, and is then captured by a Rydberg orbital of one of the fragments at a considerable internuclear distance. Such a mechanism predicts that n should be conserved between the initially excited molecular Rydberg state and the Rydberg atom formed.
A number of combinations of excitation/detection techniques have been used to study these processes. In the 1970s one of the few sufficiently energetic sources capable of exciting such states was electron impact ͑see, e.g., Refs. 4 and 5͒. Detection methods used for high-n Rydberg fragments in combination with electron impact excitation include ͑i͒ ionization in a strong electric field, ͑ii͒ resonance ionization near a metal surface, and ͑iii͒ ionization by collision with a high electron affinity molecule. These methods allowed the extraction of the translational energy of the fragments and thus information on the potential energy curves of the excited states.
However, in more recent years the most common excitation schemes have involved photonic sources ͑synchrotron or laser radiation͒ due to the improved energy resolution of these sources. For example, based on earlier work, [11] [12] [13] Hikosaka et al. 8 observed fluorescing and metastable oxygen atoms following excitation of O 2 near 22 eV using synchrotron radiation. The yield curves of excited neutral particles exhibited peaks at Rydberg states converging to the ionic core states O 2 + ͑B 2 ⌺ g − ͒ and O 2 + ͑c 4 ⌺ u − ͒, and the yields were strongly enhanced for high values of n. These authors subsequently employed the same technique to observe metastable Rydberg fragments from the neutral dissociation of N 2 , NO, and CO. 9 Loock et al. 14 detected Rydberg states of I atoms in the range of n =6-8 from the dissociation of HI at 13.39 and 15.59 eV. The Rydbergs were observed due to their ionization by additional photons, and ion imaging was used to determine the kinetic energy release. On the other hand, Hirosaka and Mitsuke 15 employed two-dimensional photoelectron spectroscopy on this molecule in the excitation region from 11.1 to 14.85 eV, in which they observed autoionization of I atom Rydberg states converging on the excited states of the atomic ion. Using this technique, these authors also observed autoionization of atomic sulfur Rydberg states from the dissociation of carbonyl sulfide. 16 Regan et al. 17 observed H͑n =2͒ +I͑ 2 P 3/2 ͒ products following multiphoton excitation of HI, while Romanescu and co-workers 18, 19 observed a similar process in HCl. Both Cl and H Rydbergs have been observed more recently by Chichinin et al. 20 Finally, using a version of MATI ͑Ref. 21͒ to discriminate between ions and Rydbergs, Pinnaduwage and Zhu have reported Rydberg formation in several systems following multiphoton excitation. 6, 7 Clearly, the detection techniques based on fluorescence or photoelectron spectroscopy provide information only on those fragments which have a significant fluorescence yield or a high autoionization probability and as a consequence are principally sensitive to low-n Rydberg fragments. In contrast, only very few studies have directly detected the high-n Rydberg fragments excited molecules using detectors based on field ionization. [6] [7] [8] [9] In this study we report resonant excitation of I 2 by two photons from an ArF laser ͑193 nm͒ into molecular Rydberg states converging on the I 2 + ͑B 2 ⌺ g + ͒ ionic state ͑see Fig. 1͒ . High-n Rydberg atomic fragments produced from the neutral dissociation of these states are directly detected by field ionization in a strong dc electric field far from the interaction region. The translational energy and angular distributions of the Rydberg fragments produced are measured.
II. EXPERIMENT
Our measurements have been carried out on a modified molecular beam apparatus 22 at the Department of Chemistry of the University of Rome "La Sapienza" which is equipped with a rotatable source and a fixed detector. Roomtemperature iodine vapor was seeded at 0.04% in helium at a backing pressure of 760 Torr and expanded through a pulsed valve at a repetition rate of 80 Hz. The twice-skimmed supersonic beam was excited by the output of a focused Lambda Physik Compex 110 ArF laser at right angles. The laser spot size in the interaction region was 3 ϫ 1 mm 2 and typical pulse intensities were of the order of 1 mJ. The metastable high-n Rydberg atoms formed by the two-photon photodissociation of the iodine molecules scatter out of the lasermolecular beam interaction region due to the kinetic energy departed to them by the dissociation process and fly 75.3 cm along the detector axis before being field ionized by the dc field of a Daly ion counter. The laboratory scattering angle could be varied by rotating the molecular beam source around the propagation axis of the laser. For the purpose of measuring the anisotropy of the photodissociation a Brewster plate polarizer was used to polarize the output of the ArF laser. This polarizer consists of ten 3 mm thick quartz plates placed at the Brewster angle with respect to the direction of propagation of the laser beam and yields Ͼ95% polarized light. The electric field vector of the polarized light could be rotated with respect to the detector axis by rotating the polarizer around the axis of propagation of the laser light. The speed distribution of the parent I 2 molecules in the beam was measured by recording the time of flight ͑TOF͒ distribution of the modulated beam in combination with an electron bombardment ionizer and quadrupole mass spectrometer. The TOF spectra of the atomic Rydberg fragments were simulated by forward convolution of a trial total kinetic energy release ͑TKER͒ distribution with the instrument response function and molecular beam conditions. The TKER distribution is then adjusted in an iterative manner until a good fit is obtained to all TOF spectra. A pair of parallel plate electrodes separated by 7 mm was placed ϳ20 cm from the interaction region along the detector axis and a small field was applied in order to remove ions. Higher field gradients could also be applied to gain information on the nature of the highn Rydberg states ͑see below͒. 
III. RESULTS AND DATA ANALYSIS

A. Time of flight distributions
TOF distributions of the iodine photofragment Rydberg atoms were recorded for values of the angle between the molecular beam and detector axis ͑⌰͒ equal to 3°, 4°, 5°, 7.5°, 10°, 15°, 20°, and 25°. Figure 2 shows a selection of these distributions together with their iteratively generated simulations. In the upper part of these figures the Newton circles corresponding to fragments with total TKERs of 500, 7100, and 18 900 cm −1 are portrayed. Also shown are the vectors representing the velocity of the beam v beam , the laboratory frame vector cutting through the Newton circles v lab , and the center of mass vectors corresponding to fragments with a TKER of 7100 cm −1 recoiling toward and away from the detector.
Examination of the TOF distributions together with the Newton circles identifies three distinct dissociation channels. First, the broad peak with maximum intensity at the arrival time of 428 s in the ⌰ = 5°TOF distribution is very close to the arrival time due to the beam velocity ͓v beam ͑max͒ = 1742 m / s; 433 s͔ and thus is clearly due to very slowly recoiling fragments. The sharp intense peaks with arrival times of ϳ300 s and the broad peaks with arrival times between 600 and 900 s correspond to the second Newton circle where the two peaks are due to fragments recoiling toward and away from the detector, respectively. Finally, the very weak peak at early arrival times is due to the fragments corresponding to the large TKER Newton circle which recoiled toward the detector, the fragments recoiling away from the detector being too weak to be detected. By introducing the polarizer described in the previous section into the laser beam the angle between the electric vector of the linearly polarized light and the detector axis ͑␥͒ can be varied. The TOF distributions can thus be recorded at a fixed ⌰ angle but as a function of the polarization angle ␥. Integrating over each peak and plotting the integrated intensity against ␥ allow one to extract the anisotropy parameter ␤ using the following formula:
where ␥ 0 is the correction angle for the laboratory to center of mass transformation and P 2 is the second Legendre polynomial. Using this method it has been possible to determine the ␤ parameter for the process corresponding to the intermediate Newton circles in Fig. 2 to be ␤ = + 1.00± 0.05 and that corresponding to the fast Newton circles to be +0.49± 0.03.
Using this procedure on the slow fragments ͑i.e., those associated with the inner Newton circles in Fig. 2͒ yields a ␤ of +0.03± 0.02. However, considering that this peak contains both forward and backward scattered fragments this value of ␤ can be considered as a lower limit of this process. In order to obtain a more accurate value of the ␤ for this process, a further experiment was performed in which the molecular beam was directed along the detector axis, i.e., ⌰ = 0 and pinhole with diameter of 200 m was place before the detector. Using this method the value of ␤ can be obtained from the following formula:
where I ʈ is the intensity scattered parallel to the electric field vector of the excitation light and I Ќ is that scattered perpendicular. In this way the TOF spectra for ␥ = 0°and ␥ = 90°were recorded and the ␤ parameter directly extracted. This procedure yielded a value of 0.14± 0.04 for the slow channel. The value of ␤ determined using this method for the process corresponding to the intermediate Newton circle is ␤ = + 1.03± 0.05, which is within the error bars of the method described above. The signal intensities for the fast process were not high enough to allow the ␤ parameter to be measured using this method.
Combining the angular distribution data with the results of the global iterative fits of the TOF distributions ͑see dotted lines in Fig. 2͒ , it has been possible to reconstruct a slice through the Newton circles ͑see Fig. 4͒ while it is ϳ900 cm −1 below the I͑ 2 P 1/2 ͒ +I + ͑ 3 P 2 ͒ limit. However, the ArF laser used in this work is a broadband laser with a spectral full width at half maximum ͑FWHM͒ of ϳ0.5 nm and also a high energy tail which goes to zero at ϳ192 nm. 26 Two photons of this wavelength correspond to an energy of 104 166 cm −1 which is above the I͑ 2 P 3/2 ͒ +I + ͑ 3 P 1 ͒ limit but still almost 200 cm −1 below the I͑ 2 P 1/2 ͒ +I + ͑ 3 P 2 ͒ aysmptotic energy. This indicates that even considering only the very highest energy photons within the bandwidth of the laser ͑which have a correspondingly very small probability of excitation͒ zero fragment translational energy I * ͓R͑ 3 P 2 ͔͒ states formed in coincidence with I͑ 2 P 1/2 ͒ atoms would have to correspond to Rydberg levels at least 200 cm −1 below the ionization potential of I + ͑ 3 P 2 ͒. This is in contradiction with the field ionization experiments described in the following section which demonstrate that 80% of the slow Rydberg fragments are ionized by a field strength of 1 kV/ cm ͑which approximately corresponds to field ionization of Rydberg levels down to 200 cm −1 below the ionization threshold͒. In the hypothesis that the I͑ 2 P 1/2 ͒ +I * ͓R͑ 3 P 2 ͔͒ channel accounts for the slow Rydberg fragments no field ionization should occur at this field strength. It is therefore concluded that slow Rydberg fragments are principally due to high-n I * ͓R͑ 3 P 1 ͔͒ and I * ͓R͑ 3 P 0 ͔͒ Rydberg levels formed in coincidence with I͑ 2 P 3/2 ͒ atoms and the contribution of the I͑ 2 P 1/2 ͒ +I + ͑ 3 P 2 ͒ channel is, if present, extremely small. The relatively wide translational energy distribution is explained by the energy splitting between the ionic states I + ͑ 3 P 0 ͒ and I + ͑ 3 P 1 ͒ and the convolution with the spectral profile of the broadband laser used to induce the two photon absorption.
The second Newton circle corresponds to a TKER distribution peaked at ϳ7100 cm −1 with a FWHM of 280 cm −1 . From Fig. 4 it can be seen that these Rydberg fragments are formed by dissociation to I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P 2 ͔͒, where I * ͓R͑ 3 P 2 ͔͒ represents the series of Rydberg states converging on the ground state of the atomic ion, i.e., the I + ͑ 3 P 2 ͒ state. Furthermore, taking into account the angular distributions and kinematics factors for these processes it was possible to deduce the branching ratio between the yields of the I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P 1,0 ͔͒ and I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P 2 ͔͒ products to be 1:140. The final Newton circle to be assigned is that corresponding to a TKER peaked at 18 900 cm −1 which is greater than can be accounted for by a two-photon absorption. Power dependence studies suggest that this peak is due to a Inspection of Fig. 2 shows that the simulated intensity for the backward scattered peak associated with the second channel is overestimated by the simulation process. Since all kinematic factors are taken into account, the explanation for this intensity difference must be due to the decay of the Rydberg atoms during their flight to the detector. It is possible to take advantage of this fact to measure the decay time of the atomic Rydberg states. The method employed is illustrated in Fig. 5 . In this figure the experimental TOF distribution with ⌰ = 7.5°is presented together with the simulation where an expanded view of the slower arrival times is shown in the inset of the lower panel. In the upper panel the ratio between the simulated and experimental intensities are plotted as open squares. As the simulation is normalized to the experimental data at the 298 s peak, the ratio is 1.0 for this flight time. At later times the ratio decreases to values Ͻ0. 25 . By performing a least squares fitting procedure to these data with an exponentially decaying function it is possible to extract the lifetime for the I * ͓R͑ 3 P 2 ͔͒ Rydberg states. This process was repeated for the TOF distributions and simulations corresponding to ⌰ = 5°, 10°, and 20°. Examination of Fig. 2 shows that the ratio between the simulation and the experimental data increases with flight time, e.g., this ratio for the backward scattered peak in the ⌰ = 5°distribution is ϳ5:1 ͑peak arrival time ϳ790 s͒ while that in the ⌰ = 20°distri-bution is ϳ2.5: 1 ͑peak arrival time ϳ680 s͒. This observation is consistent with the fact that the Rydberg atoms decay during their flight time to the detector. The overall result of this process yields a lifetime of = 325± 25 s for the I * ͓R͑ 3 P 2 ͔͒ Rydberg states, where the error incorporates the uncertainty in the global fits of the data corresponding to all four angles.
B. Field ionization scan
We also measured the effect of the field gradient applied between the parallel plates on the signal intensity of each peak. Instead of applying a low field gradient to eliminate ions, we varied the gradient from near 0 to more than 4 kV/ cm. The resulting integrated intensities of the ⌰ =3°p eaks at 293 s ͑i.e., the I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P 2 ͔͒ channel͒ and at 428 s ͑i.e., the I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P 1,0 ͔͒ channels͒ could then be plotted against the field ionization gradient. The relationship between the ionizing field strength of a Rydberg state ͑V in V/cm͒ and the energy shift of the ionization limit from the field-free value ͑E in cm −1 ͒ can be expressed by E͑V͒ = c ͱ V, where c is in the range from 4.6 to 6.12 with units of ͱ V cm −1 . 27 The signal as a function of voltage, S͑V͒, decreases from 1 at zero field to 0 at an infinite field, as can be seen in Fig. 6͑a͒ 6 . The upper panel ͑a͒ shows the integrated intensity of the peaks corresponding to the forward scattered I * ͓R͑ 3 P 2 ͔͒ ͑solid line͒ Rydberg fragments and the scattered I * ͓R͑ 3 P 1,0 ͔͒ ͑dotted line͒ Rydberg fragments plotted against the field ionization gradient. The lower two panels show the distribution of the I * ͓R͑ 3 P 2 ͔͒ ͑solid line͒ and I * ͓R͑ 3 P 1,0 ͔͒ ͑dotted line͒ Rydberg fragment plotted against their energies below the field free ionization potential of the corresponding ions obtained by inverting the data in panel ͑a͒ ͑see text͒ using the field ionization constants of 4.6 and 6.12 for panels ͑b͒ and ͑c͒, respectively. distributions rise rapidly to maxima of 25-50 cm −1 below the IP and then decay slowly over a range of about 300 cm −1 .
IV. DISCUSSION
The dissociation of high-n molecular Rydberg states has been discussed by Freund, 10 who used a core ion model in which the high-n Rydberg electron is considered to move in a nearly hydrogenic orbital around a core consisting of a molecular ion. The nonbonding Rydberg electron interacts only very weakly with the core so that the PEC of the highn Rydberg molecular state is parallel to that of the core ion but shifted to lower energies as determined by the quantum defect and the Rydberg formula. If the core ionic state is dissociated or predissociated by interaction with repulsive ionic states, the core dissociates following dynamics governed by the ionic PECs, while the Rydberg electron follows the ionic fragment and is captured into a Rydberg orbital of the ion at large internuclear distances. As a result n is expected to be conserved during the dissociation process.
In the case of I 2 the initial photon absorbed by the laser excites I 2 from its ground state into a range of vibrational levels ͑v = 142-146͒ of the ion pair state D ͑0 u + ͒ ͑Ref. 28͒ which is a fully allowed one-photon transition. The second photon then promotes the molecule into a neutral state ϳ3.5 eV above the ionization threshold of the molecule. In this energy region of the threshold photoelectron spectrum lies a broad feature corresponding to the B 2 ⌺ g + of I 2 + . [29] [30] [31] [32] [33] [34] [35] [36] [37] The maximum of this band is at 12.95 eV whereas the two photon energy used in this experiment corresponds to 12 Furthermore, in order to account for the observed 3 P g + 2 P u products a perturbing state P was proposed to cross the B state and correlate with the ground state products. In Fig. 4 we report a modified model ͑in order to take into account the spin-orbit splitting͒ in which the B 2 ⌺ g + state interacts with at least three perturbing states correlating to the three I͑ 2 P 3/2 ͒ +I * ͓R͑ 3 P J ͔͒ asymptotic limits. It should be noted that the lower energy 2 ⌺ g + state is not shown in this figure for clarity.
V. CONCLUSIONS
In summary, we observe the formation of high-n Rydberg iodine atoms from the neutral dissociation of the superexcited states of I 2 formed by resonant two-photon excitation. The superexcited states involved have been identified as molecular Rydberg states I 2 * ͓R͑B 2 ⌺ g + ͔͒ converging on the I 2 + ͑B 2 ⌺ g + ͒ state of the ion, while the measured translational energy distributions of the Rydberg fragments allowed a clear identification of the dissociation limits reached: I * ͓R͑ 3 P J ͔͒ +I͑ 2 P 3/2 ͒, where the I * ͓R͑ 3 P J ͔͒ are Rydberg atoms converging on the I + ͑ 3 P J ͒ states of the ion with J =2, 1, and 0. It is concluded that the initially excited molecular Rydberg state is shallowly bound but is predissociated by a number of repulsive Rydberg states correlating with the above asymptotic limits. The decay time of the atomic I * ͓R͑ 3 P 2 ͔͒ Rydberg states was measured to be 325± 25 s. The dependence of the Rydberg fragment signal on the field ionization strength shows that the distribution of Rydberg states peaks about 25-50 cm −1 below the ionization limit. The results of these experiments suggest the possibility of a new type of spectroscopy for repulsive states of ions based on simultaneous measurement in the process AB+ h → A+B͑n͒ ͓where B͑n͒ is a Rydberg fragment with n Ͼ 20͔ of ͑a͒ the frequency at which Rydbergs are produced, ͑b͒ the kinetic energy release between the fragments, and ͑c͒ the angular distribution of products. The frequency locates the electronic state leading to dissociative ionization, while the kinetic energy release identifies the final products of the dissociation. The angular distribution helps to identify the symmetry of the dissociative state. A strong advantage of this spectroscopy is that it is virtually free from background. This form of spectroscopy is sensitive to dissociative and predissociative ionic states and therefore, is complementary to the existing techniques of photoelectron, threshold photoelectron, zero kinetic energy, and mass analyzed threshold ionization spectroscopies which are principally sensitive to probing of bound ionic states. Of course, this spectroscopy requires tunable laser light, though not necessarily in the vacuum ultraviolet. For example, in a molecule such as CF 3 I, recently studied by Aguirre and Pratt 38, 39 and by Waits et al., 40 the ionization potential of CF 3 I is 10.3716 eV, and the dissociation energies for CF 3 I + to CF 3 + +I͑ 2 P 3/2 ͒ or CF 3 +I + ͑ 3 P 2 ͒ are 1.012 and 2.41 eV, respectively. Thus, dissociative ionization to CF 3 + is possible above 11.384 eV ͑or three photons at wavelengths below 326 nm͒, whereas dissociative ionization to I + is possible above 12.782 eV ͑or three photons at wavelengths below 291 nm͒. Much of the structure in the mass-selected ion yield curve measured by Waits et al. 40 near 303 nm has been assigned to resonances at the twophoton level, where there are several vibrational levels of the ͓X 2 E 3/2 ͔6p Rydberg state. An ideal situation would be to excite one of these with two photons of one color, and then tune a second color to detect Rydberg CF 3 or Rydberg I atoms produced from repulsive states converging to dissociative ionization curves.
